The Chapter describes the use of DNA for molecular-scale self-assembly. DNA-nanostructures provide a versatile toolbox with which to organize nanoscale materials. We begin with a discussion of DNA-nanostructures, starting with the self-assembly of various building-blocks known as DNA tiles. We describe how these can be made to self-assemble into two and threedimensional lattices. We discuss various methods for the programmed assembly of patterned and/or shaped two and three-dimensional DNA-nanostructures, including their use to produce beautiful algorithmic assemblies displaying fractal design patterns. The resulting large DNAnanostructures provide multiple attachment sites within and between tiles for complex programmed structures and lead to diverse possibilities for scaffolding useful constructs and templating interesting chemistries. We describe methods for assembly of various biomolecules and metallic nanoparticles onto DNA-nanostructures, and also the assembly of various materials using DNA-nanostructures. Finally, we conclude the chapter with a discussion of various challenges.
Introduction
Self-assembly is one of the key approaches that may enable future methods for building nanostructures and nanodevices. 1 Our current ability to form nanostructures by self-assembly is, however, quite limited compared to the power of lithographic techniques for the formation of solid structures in bulk material and in particular, electronic circuits at the nanoscale. Lithography is used to form the most complex human-constructed objects: microprocessors, which have been Proteins, antibodies, peptides and their small molecule affinity substrates are efficient and highly specific in self-assembly processes and if only few types of specific interactions are required they might be the best choice. The importance of their role in molecular biology, medicine and nanoscience cannot be underestimated. However, when it comes to the individual encoding of multiple building blocks for the assembly into complex nanostructures, their use may be limited due to their diversity in structure and differences in the nature of their self-interactions or size.
These materials have their own, extensive technical literature, which will not be discussed here.
In contrast, DNA nanostructures have an easily predictable secondary structure due to the well the understood properties of single stranded DNA base-pairing and the double helix structure of double stranded DNA as functions of their environment (temperature and buffer solution), [2] [3] [4] allowing for software to be developed for computer aided design of the sequences composing DNA nanostructures. 5, 6 There is also a well-established biotechnology for constructing DNA sequences and for executing operations on DNA sequences. There are known techniques for attaching other molecules to specific locations on DNA sequences. Hence DNA appears to be an ideal material for achieving complex self-assembly, and we will center our attention on this topic.
Overview of DNA-Nanostructures
The last few years have seen a great number of advances in our ability to construct complex nanostructures from nucleic acid building materials. [7] [8] [9] The study of artificial DNA structures for applications in nanotechnology began in the early 80's when Seeman sought to design and construct periodic matter and discrete objects assembled from synthetic DNA oligonucleotides. 10 He noted that simple double-helical DNA could only be used for the construction of linear assemblies and that more complex building blocks would be required for 2-and 3-dimensional constructs. He also noted that biological systems make use of branched base-pairing complexes such as forks (3-arm junctions) found in replicating DNA and Holliday intermediates (4-arm junctions) found in homologous recombination complexes. These natural branch junction motifs exposed a potential path toward multi-valent structural units. A Holliday junction is formed by four strands of DNA (two identical pairs of complementary strands) where double-helical domains meet at a branch point and exchange base-pairing partner strands. The branch junctions in recombination complexes are free to diffuse up and down the paired homologous dsDNA domains since the partners share sequence identity all along their lengths. Seeman showed that by specifically designing sequences which were able to exchange strands at a single specified point and by breaking the sequence symmetry which allowed the branch junction to migrate, 11 immobile junctions could be constructed and used in the formation of stable and rigid DNA building blocks. These building blocks (known as DNA tiles), especially double-crossover (DX) complexes 12 became the initial building blocks for construction of periodic assemblies and the formation of the first uniform 2-dimensional crystals of DNA known as DNA lattices. 13 They also can be used to form long tubes. 14 Insert Fig. 1 A large number of distinct DNA tile types have now been designed and prototyped; some examples are shown in Fig. 1 . The high thermal stability (T m up to at least 70°C) of some DNA tiles, the ability to program tile-to-tile association rules via ssDNA sticky-ends, and the wide range of available attachment chemistries make these structures extremely useful as molecular scale building blocks for diverse nanofabrication tasks. The process of DNA nanostructure and sequence design was laid out very effectively in a recent review article. 15 DNA tiles produced to date have contained double-helical DNA domains as structural members and branch junctions crossovers as connectors. The use of paired crossovers greatly increases the stiffness of the tiles over that of linear dsDNA. Following the success of the DX lattices, triple-crossover (TX) tiles and their 2D uniform lattices and tubes were demonstrated. [16] [17] [18] [19] [20] Recently, DDX tiles containing four double helices and four crossover points have also been demonstrated. 21 Since DX, DDX and TX tiles are designed with their helices parallel and coplanar their lattices tend to grow very well in the dimension parallel with the helix axes and fairly poorly in the dimension perpendicular to it. Elimination of this problem and growth of lattices with a square aspect ratio was the primary motivation behind the design of the cross-tile, 22 which allows for a uniform growth of two dimensional lattices in both these directions. Long DNA nanotubes (of up to 15 µm length) and large 2D lattices (extending many square micrometers) have been assembled from cross-tiles (Fig. 2) . The design of the 2D cross-tile lattices made use of an interesting corrugation method 22 for providing symmetry in both the horizontal and vertical directions, by the use of a rotations and flips of neighboring the cross-tiles so as to cancel deformations that otherwise would limit lattice growth. Recently a variant of the cross-tile 23 was
developed that provides an improved symmetry in both the horizontal and vertical directions, resulting in even larger 2D lattices (extending to millimeters).
A variety of other tile shapes have been prototyped beyond the rectangular and square tiles shown above. Lattice with rhombus-like units have been made in which the helix crossing angles are closer to the relaxed ~60° angles observed in biological Holliday junctions. 24 At least three different versions of triangular DNA tiles have been prototyped (Fig. 3) , one which tiles the plane with triangles 25 and two types which form hexagonal patterns. 26, 27 Such triangular lattices have not been show to grow as large as those from rectangular and square tiles, but they may be useful for assembly applications where slightly more structural flexibility is desired. They have also demonstrated some interesting multilayer structures with symmetrical stacking interactions. 27 Insert Fig. 3 DNA tiles have also been assembled using paranemic interactions between pairs of parallel helices.
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3D DNA Nanostructures
Three-dimensional building blocks and periodic matter constructed of DNA have been long-term goals of this field. In addition to forming 2D lattices and tubes, DNA tiles can be used to form 3D lattices. If guest molecules can be incorporated into 3D DNA lattices, applications include:
• The assembly of 3D molecular electronics circuits and memory, and
• The molecular scaffold for structure determination of guest molecules via x-ray crystallography studies.
Non-planar tiles represent one strategy for expanding the tiling into the third dimension. DNA tiles which hold their helical domains in non-planar arrangements have been designed, for example a three-helix bundle (Fig. 4 ). 29 and a six-helix bundle. 30 , although initial attempts at 3D DNA nanostructures using these particular tiles have not yet succeeded. Recently Seeman 31 has demonstrated a 3D DNA hexagonal lattice formed from a single 13 base DNA sequence that formed stacked layers of parallel helices with base-pairing between adjacent layers. However, these 3D DNA lattices are not yet regular enough to allow for the application to structure determination of guest molecules via x-ray crystallography.
Insert Fig. 4 Another approach is to form 3D polyhedral DNA nanostructures that can then assembly to regular lattices. Early attempts to build a cube 32 and a truncated octahedron 33 with dsDNA edges and branch junction vertices met with some success, but the final constructs were produced in very low yields. More recently, a tetrahedral unit with short double helical edges was constructed in much higher yield. 34 Perhaps the most impressive experimental success yet in DNA-based 3D
nanostructures produced an octahedron with DX-like edges. 35 This study was noteworthy in that the 1.7 kilobase DNA strand (which folded with the help of five short oligonucleotides) was produced as a single piece by PCR-based assembly, and the octahedron was formed in sufficient yield to permit structural characterization by cryo-electron microscopy.
Programmed Patterning of DNA-Nanostructures
Besides 2D and 3D periodic lattices, another long-term goal of DNA self-assembly studies has been the generation of complex, non-periodic patterns on lattices. There are at least three techniques for doing this:
(1) The first is the use of algorithmic self-assembly, whereby patterns are formed using a small tile set whose sticky-ends represent tile association rules that promote lattice formation according to the specific rules of the encoded algorithm. The first demonstrations of algorithmic self-assembly used DNA tiles to demonstrate the execution of various Boolean and arithmetic operations at the molecular scale; the computations occurred during the assembly of linear sequences of DNA tiles that preferentially bound to each other according to the computational rules. 17, 36 Subsequently, 2D demonstrations of algorithmic self-assembly method using DNA tiles have provided some of the most complex patterns yet demonstrated via molecular self-assembly;
an example is seen in the Sierpinski triangle pattern shown in Fig. 5 . 37 In principle, any arbitrary structure which can be specified by a set of encoded association rules can be expected to form via algorithmic self-assembly, 38 albeit at some yield <100% and with some error rate >0%. Various schemes have been developed to reduce errors in algorithmic self-assembly but with the sideeffect of increasing the size of the lattice as well as the number of tile types. [39] [40] [41] Compact errorresilient designs were later developed which provide a reduction of assembly errors without increase in the size of the computational lattice. 42, 43 Insert Fig 6 ). 44 This study showed that by minimizing the number of sequential steps in the assembly process, the overall yield of target structure would be maximized.
(3) A final and very promising method is the use of directed self-assembly, whereby patterns are formed via the use of molecules that control in some way the self-assembly process so as to form the intended pattern. Directed self-assembly of 1D patterned DNA lattices was first demonstrated by the use of scaffold strands to provide the specification of inputs to the computational assemblies mentioned above. 36, 38 Directed self-assembly of 2D patterned DNA lattices was then demonstrated by the use of scaffold strands that were incorporated into each of the rows of a 2D DNA lattice, allowing for the display of binary sequences as a 2D barcode patterns that can be viewed by AFM imaging. 45 Rothemund made the most impressive use of directed self-assembly to date, using a 7-kilobase scaffold strand which folded into arbitrary 2D
shapes and patterns with the help of multiple short oligonucleotides that specify the shape and patterning (see Fig. 6 ).
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Finite-sized arrays were also reported in another DNA system and in RNA. 47, 48 Previous DNA tiling systems all resulted in unbounded growth of lattice and consequently polydisperse products following annealing. These demonstrations of finite-sized arrays represent another step toward increased control of self-assembled molecular systems.
Insert Fig. 6 The 2D lattices and 3D structures assembled from DNA and described in this and the prior sections represent interesting objects in their own right, but their real usefulness will come from their application as scaffolds and templates upon which chemistry is performed or with which heteromaterials are organized into functioning nanodevices. We will use the term DNAprogrammed patterned assembly to denote this use of DNA lattices to organize heteromaterials.
We will return to some of these applications later in this chapter.
DNA-Programmed Assembly of Biomolecules
Assembly of other biomolecules on DNA templates and arrays may prove useful for fabrication of biomimetics and other devices with applications such as biochips, immunoassays, biosensors, and a variety of nanopatterned materials. The logical end to the shrinking of microarrays is the self-assembled DNA nanoarray with a library of ligands distributed at addressable locations to bring analyte detection down to the single molecule level. We will return to complex DNA tiling structures momentarily, but first we will look at simpler dsDNA systems.
The conjugation of DNA and streptavidin via a covalent linker was reported by Niemeyer et al. in 1994 , and these conjugates were applied for DNA-programmed assembly on a macroscopic DNA array on a surface and in a nanoscale array made by aligning DNA-tagged proteins to specific positions along a oligonucleotide template. [49] [50] [51] The covalent attachment of an oligonucleotide to streptavidin provides a specific recognition domain for a complementary nucleic acid sequence.
In addition the binding capacity for four biotin molecules is utilized as biomolecular adapters for positioning biotinylated components along a nucleic acid backbone.
Besides duplex DNA structures, more complex self-assembling DNA tiling structures have been used to organize biomolecules into specific spatial patterns. DNA nanostructures covalently labeled with ligands have been shown to bind protein molecules in programmed patterns, for example, making use of the popular biotin/avidin pair, arrays of evenly spaced streptavidin molecules were assembled on DNA tile lattice. 22 On cross-tile lattice, individual streptavidin molecules are visible as separate peaks in the AFM image (Fig. 7) . Single molecule detection could be achieved on DNA nanoarrays displaying a variety of protein binding ligands.
Insert Fig. 7 Further design evolution of the cross-tile system to a two tile type (A and B) tile set allowed for somewhat more complex structures and patterns. 52 In this study, some size control of lattice and partial addressability were demonstrated, but the display patterns were still periodic and symmetric (Fig. 8) . In ongoing experiments, finite-sized objects with independent addressing have been used to assemble a range of specifically patterned protein arrays in high yield. 44 Insert Fig. 8 Another exciting future use for biomolecules specifically patterned on self-assembled DNA nanostructures is the specific deposition of inorganic materials via crystal nucleation. Natural peptides and proteins have been implicated in the growth of nano-patterned silica by living organisms. 53 Peptides and RNA sequences have been artificially evolved by in vitro selection to specifically bind and precipitate or crystallize various semi-conductors and metals. 54, 55 Patterning these species on 3D DNA lattices could provide a method for bottom-up assembly and controlled deposition resulting in a wide variety of complex inorganic structures for use in nanoelectronics, photonics, and other fields.
DNA-programmed assembly of materials
In analogy to the immobilization of DNA on a variety of solid surfaces, the conjugation of DNA and analogs with metal nanoparticles, semiconductor nanoparticles and polymer particles is becoming increasingly important. In particular DNA-directed assembly of gold nanoparticles has been studied in much detail, primarily due to the stability of and ease of preparation of gold nanoparticle conjugates and due to the interparticle distance-dependent plasmon resonance 17 This construction used tiles containing integral biotin-labeled DNA strands and streptavidin bound gold particles. In another study, DX tile arrays were used to pattern 6 nm gold particles into precisely spaced rows covering micrometer scale areas as shown in Fig. 9 . 62 This study featured gold nanoparticles labeled with T 15 oligonucleotides which base-paired with assembled DX lattice displaying single-strand A 15 sequences hanging off certain tiles. A pair of recent papers from the Yan group have demonstrated useful improvements to this method. 63, 64 The ability to organize electrically active species such as gold using DNA points the way toward the templating of complex devices and circuits for applications in nanoelectronics.
Insert Fig. 9 DNA-programmed assembly of materials other than gold nanoparticles has also been reported. 72 ) have also been reported, but these are beyond the scope of this article.
Carbon nanotubes are one of the most promising materials for nanoscience due to their unique structure and mechanic and electronic properties. 73 In recent years chemical conjugation of organic and bioorganic compounds with carbon nanotubes is a field that has developed rapidly. 74 The ability to control the exact positioning of multiple carbon nanotubes by means of DNAprogrammed assembly would be a major achievement in nanoscience. In a few reports, the conjugation of carbon nanotubes with DNA 75, 76 and with PNA has been described. 77 In these reports carbon nanotubes were shortened into fragments by oxidation, resulting in carbon nanotubes fragments with carboxyl groups in the terminal positions and to some extend in their sites walls. Covalent coupling of 5'-amino DNA-sequences or PNA to carboxyl groups at the nanotubes led to the formation of carbon nanotubes coupled with DNA or PNA sequences.
Carbon nanotubes containing 12-mer PNA-sequences were annealed with dsDNA sequences containing 12-mer sticky ends and imaged by AFM. 77 In the work by Dai et al., multi-wall carbon nanotubes (MWNTs) and single-wall carbon nanotubes (SWNT) functionalized with 20-mer DNA sequences were annealed with complementary sequences attached to gold nanoparticles. 76 The resulting aggregates were deposited on mica and imaged by AFM. The images revealed the occasional interconnection of individual MWNTs by a gold nanoparticle. In a recent report by Chen et al. the self-assembly of DNA functionalized single-walled carbon nanotubes was studied and atomic force microscopy images showed that highly branched structures were formed for the DNA functionalized SWNTs. 78 In another study, SWNT were assembled between prepositioned metal electrodes via complementary DNA base-pairing by ssDNA on the gold electrodes (thiol-labeled oligos) and the oxidized SWNTs (3'-amino-labeled oligos) as shown in Fig. 10 . 79 Electrical conductivity between the electrode pairs was shown to be highly dependent on the presence of complementary DNA on the electrodes and nanotubes. These initial investigations of carbon nanotube-DNA conjugates hold great promise for future developments in assembly of nanotube structures with useful electronic and mechanical properties.
Insert Fig. 10 
Laboratory Methods
The common methods utilized in DNA-based molecular assembly have been described in detail in the papers (and their supporting documents) cited throughout this chapter. An overview of the most central methods -i) molecular assembly by thermal annealing and ii) examination of 2D
nanostructures by AFM imaging -will be included here as brief summaries.
Annealing for DNA Assembly. Formation of specific hybridization complexes from designed DNA strands takes place by slow annealing. First, custom oligonucleotides are obtained from a commercial vendor and purified by polyacrylamide gel electrophoresis under denaturing conditions. 16 Complexes are formed by mixing stoichiometric quantities of the required strands left to adsorb to the surface for around 3 minutes, then the sample is wicked off with filter paper, 30 µL of distilled water is used to rinse the mica which is then dried under a gentle stream of nitrogen. It has been found that imaging under buffer provides higher resolution analysis, and that "tapping mode" imaging is typically preferred over "contact mode".
Conclusions
We are now learning the basics of how to form DNA nanostructures with moderately high complexity. Consider for the moment just 2D nanostructures patterned at the molecular scale by a binary array of pixels. Let us define the complexity of such a patterned nanostructures to be the total number of pixels on the array that can be set on or off via programmed assembly. The prior review of patterned self-assembly results indicates that the experimentally achieved results for 2D patterning using DNA self-assembly has rapidly increased in complexity over the last few years (and this rate of increase seems to be considerably exceeding the rate that lithographicallybased patterning has increased in complexity over the same period). Thus we are optimistic about the further improvements in complexity of patterning using DNA self-assembly in future years.
In the ultimate development of bottom-up nanofabrication strategies it may be possible to assemble large numbers of easily available building blocks using patterned DNA nanostructures to position a wide variety of materials. Depending on the nature and programming of the building blocks they will self-assemble into complex nanostructures with the required properties. Such properties might include: enzyme-like properties, electronic circuits with efficient contacts to electrodes at larger length scales, memory storage devices, drug delivery robots, multifunctional diagnostic devices for in vivo application, or even systems capable of self-replication. 
